(from G2 accumulation) is a G-protein-coupled receptor (GPCR) that regulates the cell cycle, proliferation, oncogenesis, and immunity. G2A shares significant homology with three GPCRs including ovarian cancer GPCR (OGR1/GPR68), GPR4, and T cell death-associated gene 8 (TDAG8). Lysophosphatidylcholine (LPC) and sphingosylphosphorylcholine (SPC) were reported as ligands for G2A and GPR4 and for OGR1 (SPC only), and a glycosphingolipid psychosine was reported as ligand for TDAG8. As OGR1 and GPR4 were reported as proton-sensing GPCRs (Ludwig, M. G., Vanek, M., Guerini, D., Gasser, J. A., Jones, C. E., Junker, U., Hofstetter, H., Wolf, R. M., and Seuwen, K. (2003) Nature 425, 93-98), we evaluated the proton-sensing function of G2A. Transient expression of G2A caused significant activation of the zif 268 promoter and inositol phosphate (IP) accumulation at pH 7.6, and lowering extracellular pH augmented the activation only in G2A-expressing cells. LPC inhibited the pH-dependent activation of G2A in a dose-dependent manner in these assays. Thus, G2A is another proton-sensing GPCR, and LPC functions as an antagonist, not as an agonist, and regulates the protondependent activation of G2A.
G-protein-coupled receptors (GPCRs)
1 mediate various cellular functions including proliferation, differentiation, adhesion, and migration and play pivotal roles in development, homeostasis, inflammation, immunity, oncogenesis, and cancer metastasis (1) (2) (3) (4) (5) . GPCRs form one of the largest gene families in mammals, and more than 200 ligands for GPCRs have so far been identified (6) . A variety of molecules including proteins, peptides, lipids, small molecules, and even photons activate GPCRs, and in most cases, the recognition of ligands by GPCRs is specific. GPCRs are also important pharmaceutical targets, as about half of the drugs currently used are either agonists or antagonists for various GPCRs (7) .
G2A (derived from G2 accumulation) was originally isolated as a stress-inducible GPCR that induces the cell cycle arrest at G 2 /M periods when serum-starved or DNA-damaged (8) . G2A is expressed in pro-B and T cells, and the expression of G2A is inducible upon activation and stress stimulation in the cells (8) . Recently, G2A was found to be expressed in macrophages in atherosclerotic plaques (9) , suggesting the possible involvement in atherogenesis. Mice deficient in G2A developed an autoimmune syndrome similar to systemic lupus erythematosus (SLE), which was explained by the hyperstimulation of G2A-null T cells upon T cell receptor (TCR) cross-linking (10) . Overexpression of G2A in NIH-3T3 fibroblasts induced various characteristics of oncogenic transformation (11) . Recently, TDAG8 and GPR4, other members of the G2A family (see below), were reported to be also oncogenic and overexpressed in human cancers (12) .
It has been reported that expression of G2A caused constitutive activation of small GTPase Rho through G13 (13) , making the identification of G2A ligands difficult. There are several GPCRs with structural similarities to G2A (14) . Ovarian cancer G-protein-coupled receptor 1 (OGR1/GPR68) (15) , G-proteincoupled receptor 4 (GPR4) (16) , and T cell death-associated gene 8 (TDAG8/GPR65) (17) are close to G2A with the amino acid identities of 31, 38, and 29%, respectively. Phylogenetic trees of various GPCRs (18) show that these four GPCRs belong to a single branch and form a subfamily of GPCRs. Several GPCRs with similar primary structures are known to recognize the same ligand, as is the case for two types of leukotriene B4 receptors, BLT1 and BLT2 (19 -21) , five S1P (sphingosine 1-phosphate) receptors, S1P1-5 (22) , and four PGE 2 (prostaglandin E 2 ) receptors, EP1-4 (23) . After intensive study to identify the ligands for the G2A family of GPCRs, sphingosylphosphorylcholine (SPC) was identified as a ligand for OGR1 (15) , psychosine (d-galactosyl-␤-1,1Ј-sphingosine) as a ligand for TDAG8 (24) , and lysophosphatidylcholine (LPC) and SPC as ligands for both G2A (25) and GPR4 (26) . Application of LPC caused calcium mobilization and activation of extracellular signal-regulated kinases (ERKs) in G2A-overexpressing Chinese hamster ovary (CHO) cells (25) and chemotaxis in T cells that intrinsically express G2A (27) . Very recently, however, Ludwig et al. (28) reported that OGR1 and GPR4 are activated by increasing concentrations of extracellular protons, leading to the accumulation of inositol phosphates (IPs) and cAMP, respectively. They also described that LPC and SPC failed to activate OGR1 and GPR4, contrary to previous reports (15, 26) . These observations led us to investigate the protonsensing ability of G2A using G2A-overexpressing cells. In this report, we show that lowering extracellular pH caused G2A activation determined by reporter gene assay using zif 268 promoter and measuring IP accumulation, both of which were inhibited by LPC.
EXPERIMENTAL PROCEDURES
Materials-LPC (18:1, 18:0, and 16:0), lysophosphatidic acid (LPA, 18:1), lysophosphatidylserine (lyso-PS, 18:1), and lysophosphatidylethanolamine (lyso-PE, 18:1) were purchased from Avanti Polar Lipids (Alabaster, AL), S1P and sphingomyelin (SM) were from Biomol Research Laboratories (Plymouth Meeting, PA), and platelet-activating factor (PAF), lyso-PAF, PGE 2 , and SPC were from Cayman Chemical (Ann Arbor, MI). Alexa Fluor 488-phalloidin was from Molecular Probes, Inc. (Eugene, OR). Myo- [ 3 H]inositol was from Amersham Biosciences. Dulbecco's modified Eagle's medium (DMEM) was from Sigma. M5 anti-FLAG antibody and phosphatidylethanolamine-conjugated anti-mouse IgG were from Sigma and Coulter (Fullerton, CA), respectively. HEPES, EPPS, and MES were from Wako (Osaka, Japan). ECL was from Amersham Biosciences.
Buffers and pH-To cover a wide range of pH, DMEM containing 0.1% BSA (bovine serum albumin, Fraction V, Sigma) was buffered with HEPES/EPPS/MES (7.5 mM each, designated below as HEM), and the concentration of sodium bicarbonate in DMEM was reduced to 0.5 mg/ml. The pH shown in the results was adjusted under stimulating conditions using a carefully calibrated pH meter (DKK-TOA Corp., Tokyo, Japan).
Subcloning and Site-directed Mutagenesis of Human G2A-Wild type human G2A was subcloned from an expressed sequence tag clone (GenBank TM /EBI identification number 5455247) into EcoRI and KpnI sites of the pCXN2-FLAG vector (29) by PCR using KOD-Plus (Toyobo, Osaka, Japan) and primers (sense primer, 5Ј-GGGGTACCCTACTGA-AAAACGGTTACAATGG-3Ј, and antisense primer, 5Ј-GGAATTCAGC-AGGACTCCTCAATCAG-3Ј) and designated as pCXN2.1-FLAG-G2A. Site-directed mutagenesis was performed by an overhang method (as described in Molecular Cloning, 3rd Ed. (49)) using KOD-Plus. The primers for mutagenesis were 5Ј-CTGCTTCGCCCCGTACTTCCTGGTTCTCCTC-GTC-3Ј for H259F and 5Ј-CCTCGTCGGGATCGTTTTCTACCCGGTGT-TCCAGACG-3Ј for H174F and their complementary oligonucleotides. Entire open reading frames (ORFs) for WT and mutant G2A were sequenced using an ABI PRISM 3100 genetic analyzer (Applied Biosystems).
Cell Culture, Transfection, and Flow Cytometry-PC12h cells (donated by the late Professor H. Hatanaka of Osaka University) were maintained in DMEM supplemented with 10% heat-inactivated horse serum and 5% fetal calf serum (FCS), 100 IU/ml penicillin, and 100 g/ml streptomycin. NIH-3T3, human embryonic kidney (HEK) 293, and COS-7 cells were cultured in DMEM supplemented with 10% heat-inactivated fetal calf serum, penicillin, and streptomycin. NIH-3T3 cells were transfected with pCXN2.1-FLAG-G2A using LipofectAMINE PLUS reagent (Invitrogen) according to the manufacturer's protocol and were cultured for 2 weeks under 1.0 mg/ml G418 (Wako). For staining, cells were incubated with 10 g/ml anti-FLAG antibody (M5) in PBS (Ϫ) containing 2% goat serum (PBS/goat serum) for 30 min, followed by staining with phosphatidylethanolamine-conjugated antimouse IgG in PBS/goat serum for 15 min. Cells highly expressing G2A were collected as a polyclonal population by cell sorting using EPICS ALTRA (Coulter Electronics Ltd.) and maintained under 0.3 mg/ml G418. EPICS XL (Coulter Electronics Ltd.) was used for flow cytometry.
Reporter Gene Assay-pH-induced responses were determined by reporter gene assay (Naito et al., Japanese patent publication number JP2000-354500) with modifications. 1.5 ϫ 10 5 PC12h cells were transfected with 400 ng of pCXN2.1-FLAG-G2A or an empty vector, 480 ng of zif 268-firefly luciferase-pGL2 (a kind gift from Dr. T. Naito, Japan Tobacco, Tokyo, Japan), 20 ng of cytomegalovirus (CMV) promoterdriven Renilla luciferase-pRL (Promega, Madison, WI), and/or other constructs of interest using SuperFect (Qiagen, Hiden, Germany) according to the manufacturer's protocol. An expression vector for C3 exoenzyme (pEF-C3) was a kind gift from Dr. S. Narumiya (Kyoto University), and an expression vector for a dominant negative form of RhoA (pCMV5-RhoA-T19N) was from Dr. H. Ito (Nara Institute of Science and Technology). 50 ng of pEF-C3 and 100 ng of pCMV5-RhoA-T19N were used for a single transfection. We equalized the total amount of DNA for transfection (1.0 g/1.5 ϫ 10 5 cells) among samples by adding empty vectors (pCXN2.1(ϩ), pEF-BOS, or pCMV5). Transfected cells were cultured on a collagen-coated 24-well plate for 45 h. Cells were then stimulated for 9 h with HEM-buffered DMEM, 0.1% BSA adjusted to various pH values under 5% CO 2 at 37°C. As for cell-conditioned medium, PC12h cells were seeded at 1.5 ϫ 10 5 cells/ well on a 24-well plate and incubated for 45 h, followed by stimulation with HEM-buffered DMEM, 0.1% BSA adjusted to pH 7.0 for 9 h. Thereafter, the supernatant was recovered, adjusted to pH 7.6 or 7.0, filtrated to remove cell debris, and used for assay. Firefly and Renilla luciferase activities were measured using PICAGENE Dual Seapansy (Toyo Ink, Tokyo, Japan) and MiniLumat LB 9506 luminometer (Berthold, Bundoora, Australia). The relative luciferase activity is represented as a firefly luciferase value/a Renilla luciferase value (30) .
Confocal Microscopic Observation of Actin Polymerization-NIH-3T3 cells were seeded onto a poly-L-lysine-coated glass bottom dish (MAT-SUNAMI, Tokyo, Japan) at the density of 2 ϫ 10 5 cells/dish and were serum-starved for 24 h with DMEM containing 0.1% BSA (Fraction V, Sigma). Cells were then stimulated for 20 min with HEM-buffered DMEM containing 0.1% BSA adjusted to pH 7.6 or 7.0 with or without LPA (18:1), PGE 2 , and LPC (18:1) and subsequently fixed by 3.7% formaldehyde, PBS for 30 min at 37°C. Cells were washed in PBS, permeabilized by incubation with PBS containing 0.4% Triton X-100 for 5 min at room temperature, and incubated with Alexa Fluor 488-phalloidin (2 units/ml, Molecular Probes, Inc.) in 0.1% Triton X-100, PBS for 15 min at room temperature. Cells were washed three times with PBS, followed by observation using a confocal microscope LSM510 (Carl Zeiss, Germany) equipped with a ϫ63 objective lens (Carl Zeiss, Germany).
For quantitative analysis of stress fiber formation, the percentage of cells that exhibited strong actin stress fiber was evaluated. Eight images were randomly obtained from one culture dish, and at least 150 cells were evaluated for stress fiber formation in a blinded manner.
Immunoprecipitation of FLAG-tagged G2A-NIH-3T3 cells highly expressing G2A were grown to subconfluency on a 10-cm dish, scraped off with 1 ml of lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and Complete protease inhibitor mixture (Roche Diagnostics)), homogenized through a 25-gauge needle, and incubated at 4°C for 30 min with rotation. The cell suspension was centrifuged for 10 min at 10,000 ϫ g at 4°C, and the supernatant was bound with prewashed protein A/G-agarose (Santa Cruz Biotechnology) for 4 h at 4°C with rotation to preclear the nonspecific binding protein. After centrifugation for 10 min at 10,000 ϫ g at 4°C, the supernatant was incubated with prewashed M2-agarose (Sigma) overnight at 4°C with rotation, followed by 3 min of centrifugation at 10,000 ϫ g at 4°C. Thereafter, the pellet was washed twice with wash buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 0.1% Nonidet P-40, and 0.05% sodium deoxycholate) and twice with wash buffer without NaCl. For Western blotting analyses, half of the immunoprecipitate was applied to SDS-PAGE (10% polyacrylamide) and transferred to ECL membranes, and FLAG-tagged G2A was detected using biotin-conjugated anti-FLAG antibody (M5) and horseradish peroxidase-conjugated streptavidin. The signal was visualized using the ECL chemiluminescence detection system.
Inositol Phosphate Accumulation Assay-COS-7 cells were seeded at 1 ϫ 10 5 cells/well on a 12-well plate. Twenty-four h after transfection, the culture medium was replaced with fresh medium containing 1 Ci/ml myo- [ 3 H]inositol (Amersham Biosciences) and 100 ng/ml pertussis toxin (PTX) if mentioned, followed by incubation for another 18 -24 h. Cells were washed twice and incubated for 45 min in HEM-buffered DMEM containing 0.1% BSA and 20 mM LiCl adjusted to various pH values. Accumulated IPs were purified by ion exchange chromatography (AG 1-X8 resin, Bio-Rad), and radioactivities were measured by scintillation counting (31) .
Statistical Analysis-Data were analyzed for statistical significance using Student's unpaired t test or ANOVA using Prism 4 software (GraphPad Software, Inc., San Diego, CA). Differences were considered significant at p Ͻ 0.05 or 0.01, as indicated.
RESULTS
pH-dependent Activation of the zif 268 Promoter through G2A-As G2A was reported to activate RhoA in a ligand-independent manner (13), we performed a reporter gene assay using zif 268-luciferase as a reporter gene (32) . zif 268 promoter contains four serum-responsive elements (SREs), one Sp1-binding site, and one cAMP-responsive element (CRE) and is activated through RhoA (1). Expression of the receptor protein on the plasma membrane of G2A-transfected PC12h cells was confirmed by flow cytometry 2 days after transfection (data not shown). pH-dependent activation of zif 268 promoter was observed in transiently G2A-expressing cells but not in mocktransfected cells (Fig. 1A) . At pH 7.6, G2A exhibited significant activity that was double the value of the mock transfectant. However, this "constitutive" activity was actually proton-de-pendent activation through G2A, as G2A did not show activity at pH 8.8 (Fig. 1D) . Because the basal pH of the culture medium (DMEM, 10% fetal calf serum or 0.1% BSA without any buffer) under 5% CO 2 is 7.6, we describe pH 7.6 as the basal pH and describe the activity of G2A at pH 7.6 as constitutive activity hereafter.
Although lowering extracellular pH evoked zif promoter activation through G2A, it is possible that PC12h cells secrete under the acidic conditions some compounds or metabolites that activate G2A. Thus, we examined zif 268 promoter activation using cell-conditioned medium. Cell-conditioned medium was obtained as culture supernatant after a 9-h incubation of PC12h cells at pH 7.0 and was adjusted to pH 7.6 or 7.0 prior to assay as described under "Experimental Procedures." As shown in Fig. 1B , the same level of zif promoter activation through G2A was observed with the cell-conditioned medium as with the control (cell-free) medium at pH 7.0. Cell-conditioned medium adjusted to pH 7.6 did not activate the zif promoter. This result excludes the possibility that pH-dependent activation of G2A is a result of the products secreted from the cells.
Because overexpression of G2A was reported to activate Rho GTPase through G13 (13), we examined whether this pH-dependent activation of zif 268 promoter through G2A is inhibited by coexpression of C3 exoenzyme (33) or a dominant negative form of RhoA (RhoA-T19N) (34) . zif 268 promoter activation through G2A both at pH 7.6 and pH 7.2 was inhibited completely by C3 exoenzyme and partially (ϳ50%) by RhoA-T19N (Fig. 1C) . This result demonstrates that the pH-dependent activation of zif 268 promoter through G2A requires activation of Rho GTPase.
pH-dependent Inositol Phosphate Production in G2A-expressing Cells-G2A was reported previously to activate IP accumulation in a ligand-independent manner (35) . We first examined IP formation using NIH-3T3 cells stably expressing G2A (G2A-NIH-3T3). As reported previously (36) , IP formation in G2A-NIH-3T3 cells was 5-fold higher than in mock-transfected cells at pH 7.6, and no additional IP accumulation was observed by lowering pH (data not shown). Next, we measured IP formation using COS-7 cells 48 h after transfection and found that IP accumulation in G2A-transfected cells increased in a pH-dependent manner ( Fig. 2A) . This pH-dependent IP accumulation was not observed in mock-transfected cells. Pretreatment of the cells with PTX partially inhibited pH-dependent IP accumulation (Fig. 2B) , showing that both PTX-sensitive and -insensitive G-proteins are responsible for phospholipase C activation through G2A.
Antagonistic Effects of LPC on G2A Activation at Low pH-LPC and SPC were reported previously as ligands for G2A (25) . Thus, we examined the effect of LPC and SPC at various pH values. At pH 7.6, 1 M LPC (18:1, 18:0, and 16:0), SPC, and other lipid species did not enhance nor inhibit zif promoter activation through G2A (Fig. 3A) . At pH 7.2, however, only LPC (18:1, 18:0, and 16:0) showed an inhibitory effect upon pH-dependent zif promoter activation through G2A (Fig. 3B) , and there was no difference observed among three LPCs with different acyl moieties at the sn-1 position in their antagonistic effects. We treated the cells with various concentrations of LPC at pH 7.2 and found that LPC inhibited zif promoter activation in a dose-dependent manner (Fig. 3C) . To investigate whether LPC or SPC inhibits pH-dependent IP formation, we performed an IP accumulation assay in the presence of LPC or SPC. As observed in the zif-luciferase reporter gene assay, 1 M LPC (18:1, 18:0, and 16:0) or SPC did not promote nor inhibit IP formation through G2A at pH 7.6 (Fig. 3D) , and LPC (18:1) inhibited IP production at acidic pH in a dose-dependent manner only in G2A-expressing cells (Fig. 3E) . One M LPC (18:1) partially (ϳ50%) inhibited and 10 M LPC completely inhibited IP accumulation at various pH values (Fig. 3F) . In both zifluciferase reporter gene assay and IP accumulation assay, LPC inhibited the activation of G2A at acidic pH. Thus, LPC appears to act on G2A as an antagonist rather than an agonist.
Actin Stress Fiber Formation-As shown in the reporter gene assay, the G2A signaling pathway is coupled to Rho GTPase. Activation of Rho GTPase induces actin stress fiber formation in fibroblasts (37, 38) . We therefore observed the rearrangement of fibrous actin in NIH-3T3 cells stably expressing G2A using a confocal microscope. These cells were collected as a polyclonal population by cell sorting as described under "Experimental Procedures." Proper expression of G2A on the plasma membrane was confirmed by flow cytometry and Western blotting (Fig. 4, A and B) . At pH 7.6, G2A-NIH-3T3 cells exhibited prominent actin stress fiber formation (Fig. 4C, top) that resembles the effect of LPA (Fig. 4C, bottom) , and no significant additional rearrangement was detected at lower pH (Fig. 4C, middle) . This shows that the constitutive activity of G2A at pH 7.6 is sufficient and saturable to cause stress fiber formation. Next, we determined whether LPC (18:1) inhibits the actin polymerization in G2A-NIH-3T3 cells. The stress fibers observed in G2A-NIH-3T3 cells were degraded partially by 1 M LPC and completely degraded by 10 M LPC (Fig. 4C) . To rule out the possibility that any intrinsically expressed receptor for LPC on NIH-3T3 cells inhibits actin polymerization independently of G2A, we examined LPA (18:1)-induced actin stress fiber formation in mock transfectant in the presence of LPC at pH 7.6 (Fig. 4C) . In mock-transfected NIH-3T3 cells, LPA-induced actin rearrangement was not inhibited by 1 or 10 M LPC (18:1), suggesting that LPC alone could not inhibit actin rearrangement in NIH-3T3 cells. Surprisingly, LPA-induced actin polymerization in G2A-NIH-3T3 cells was inhibited partially by 1 M LPC and almost completely inhibited by 10 M LPC (18:1). For quantitative analysis of stress fiber formation, the percentage of cells that exhibited strong actin stress fiber formation was evaluated (Fig. 4D) . In mocktransfected cells, stress fiber formation was enhanced by LPC. This might be because of intrinsically expressed LPC receptors (yet unidentified) that transmit positive signals to cause actin bundling. We observed a significant increase in stress fiberpositive cells in G2A-NIH-3T3 cells at pH 7.6. This was not enhanced by lowering the extracellular pH to 7.2. Ten M LPC inhibited G2A-dependent actin polymerization both at pH 7.6 and 7.2. We further investigated inhibitory effects of LPC (18:1) on the stress fiber formation caused by other ligands. We used LPA (4), PGE 2 (39), thrombin (40) , and S1P (41) to induce actin stress fiber and found that the activated stress fiber formation by those ligands was degraded by 10 M LPC in G2A-NIH-3T3 cells but not in mock-transfected cells (Fig. 4D for PGE 2 and data not shown for thrombin and S1P). These results strongly suggest that LPC works not only as an antagonist for G2A but also transmits inhibitory signals to actin polymerization through G2A.
Mutagenesis Experiments-Recently, OGR1 and GPR4 were reported to be proton-sensing GPCRs, and several conserved histidines were assumed to play pivotal roles in pH-dependent IP formation in OGR1-expressing cells (28) . We performed similar mutagenesis experiments with G2A. Reported are several critical histidine residues required for the activation of OGR1, and among them, only two histidine residues (His-174 and His-259) are conserved among OGR1, GPR4, and G2A (Fig. 5A) . We produced single amino acid mutants of H174F and H259F and performed luciferase reporter gene assay and IP accumulation assay. Expression of the receptor protein on the plasma membrane was confirmed by flow cytometry. G2A-WT (wild type) and G2A-H174F were expressed at a similar level on the plasma membrane of HEK293, PC12h, and COS-7 cells (data not shown). In G2A-H174F, the pH-dependent zif promoter activation was reduced to half of that observed in G2A-WT (Fig. 5B) . G2A-H174F also showed IP accumulation reduced by half (Fig. 5C ). These results demonstrate that His-174 contributes to pH-dependent activation of G2A. Although His-174 was not reported as a requisite for OGR1 activation, the residue is predicted to be located at the outer half of the plasma membrane, playing a role in sensing extracellular protons.
We also examined the effect of mutagenesis at His-259. Cells transfected with G2A-H259F did not show any pH-dependent zif promoter activation and IP accumulation (data not shown). However, the expression level of G2A-H259F on the plasma membrane was extremely low when observed by flow cytometry (data not shown). Thus, the loss of activation can be explained by the low expression or the sequestration of the mutant receptors from the plasma membrane, and it is not certain that His-259 also contributes to the proton-sensing ability of G2A. 
DISCUSSION
G2A is a GPCR with several interesting features that are not common in the other GPCRs. Originally, G2A was identified as a stress-induced gene that can arrest overexpressing cells at G 2 /M periods (8) . It has been reported that overexpression of G2A causes growth promotion, oncogenesis (11) , and apoptosis (35). Kabarowski et al. (13) reported that G2A overexpression causes constitutive activation of Rho GTPase through the G13 class of G-protein. G2A-null mice developed a late onset autoimmune disease similar to SLE with enlargement of secondary lymphoid organs, expansion of T and B lymphocytes, infiltration of lymphocytes into various tissues, and deposition of immune complex in glomeruli (10) , showing that G2A is important in inducing immunological tolerance. Intensive ligand search experiments have been done for G2A and its related GPCRs, and finally LPC and SPC were reported as ligands for G2A (25) . We transiently and stably expressed G2A in HEK293 and CHO cells to reproduce the activation of G2A by LPC and SPC but failed to demonstrate the activation of G2A by these ligands (data not shown). OGR1 and GPR4, which are similar to G2A in structure, were reported very recently to be protonsensing GPCRs, and we confirmed by experimentation the activation of OGR1 by low pH (data not shown). All these observations led us to explore the concept that G2A might be another proton-sensing GPCR.
Searching the public data base revealed two possible open reading frames for human G2A (G2A-L and -S) with different translation initiation methionines. G2A-L is longer than G2A-S by three amino acid residues, and we constructed expression vectors for both forms of G2A. We started characterizing G2A by carefully examining the surface expression of the receptor by flow cytometry after staining the FLAG tag added to the amino terminus of G2A-L and -S. Flow cytometry showed proper expression of G2A on the plasma membrane of PC12h, COS-7, CHO, HEK293, and NIH-3T3 cells (Fig. 4A and data not shown), and we did not detect any difference in surface expression and signal transduction between G2A-L and -S. We therefore used G2A-S for all subsequent studies. We mainly characterized the proton-sensing ability of G2A using transiently transfected cells to avoid the artifacts after stable selection. When needed, we isolated polyclonal NIH-3T3 cells stably expressing G2A by fluorescence-activated cell sorting (FACS) to lessen the clonal deviations. Transient expression of G2A in PC12h cells caused constitutive activation of the zif 268 promoter at pH 7.6 (Fig. 1A) as predicted by the reported constitutive activation of RhoA by G2A (13) , and this activation proved to be pH-dependent in this study (Fig. 1D) . The activation of zif 268 promoter was enhanced by lowering the extracellular pH only in G2A-expressing cells and not in mocktransfected cells (Fig. 1A) . The low pH-dependent activation of the zif 268 promoter was inhibited by cotransfection of C3 exoenzyme and a dominant negative form of RhoA (Fig. 1B) , showing that G2A-dependent activation of the zif 268 promoter is mediated by the Rho family of GTPase. Similarly, G2A-transfected COS-7 cells showed significantly higher accumulation of IPs than mock-transfected cells at pH 7.6, and acidic stimulation caused a dose-dependent accumulation of IPs only in the G2A-transfected cells (Fig. 2A) . G2A-mediated IP accumulation was partially inhibited by pretreatment of the cells with PTX (Fig. 2B) , showing that the G i /G o class of G-protein partially mediates phospholipase C activation by G2A. Stable expression of G2A in NIH-3T3 cells caused significant actin polymerization and IP accumulation at pH 7.6, which were not enhanced by lowering pH to 7.2 (Fig. 4, C and D) . We speculate that activation of G2A at pH 7.6 is sufficient to cause actin polymerization and IP accumulation in NIH-3T3 cells stably expressing G2A. LPC and SPC, previously reported agonists for G2A, failed to activate G2A as examined by zif 268 promoter activation (Fig. 3A) and by IP accumulation (Fig. 3D) . Conversely, 3 M LPC (18:1, 18:0, and 16:0) specifically inhibited low pH-dependent activation of the zif 268 promoter, whereas other lipid species did not (Fig. 3B) . LPC inhibited in a dosedependent manner G2A-mediated zif 268 promoter activation at pH 7.2 ( Fig. 3C) and IP accumulation at pH 6.8 (Fig. 3E) , and 10 M LPC inhibited IP accumulation caused by lowering extracellular pH (Fig. 3F) . Furthermore, augmented actin stress fiber formation in G2A-NIH-3T3 cells was reduced partially by 1 M LPC and completely by 10 M LPC (Fig. 4, C and D) . All these data suggest that LPC functions as an antagonist for G2A at least in our expression system. We also tried to examine whether or not LPC or SPC mobilizes intracellular calcium using CHO cells stably expressing G2A. One M LPC and SPC evoked significant calcium mobilization in mock-transfected CHO cells, possibly by activating intrinsically expressed receptors, and we could not detect any additional effects of G2A overexpression (data not shown). The discrepancy between our results and previous ones (25) might be because of the different assay and/or culture conditions, which should be explored in the future studies.
We do not have a clear explanation of why LPC exhibited no inhibitory effects in both reporter gene and IP accumulation assays at pH 7.6, whereas it inhibited actin polymerization at the same pH (Fig. 4C) . It might be because of the different pH dependence among the three assay systems. Moreover, 10 M LPC degenerated actin stress fiber formation induced by LPA, PGE 2 , and S1P. This implies that LPC induces some inhibitory signals on actin stress fiber formation through G2A that do not inhibit the activation of the zif promoter and phospholipase C. Further studies are required to clarify the selective inhibitory mechanism of LPC actions. In our experiments, pH-dependent activation of G2A was completely inhibited by 10 M LPC (Fig.  3, C, E, and F) . The concentration of LPC in the plasma was estimated to be about 100 M (42). However, most of the LPC in the plasma exists as a bound form with lipoproteins, and it is not known how much LPC is readily available in the plasma as an antagonist of G2A. It is possible that the lipoprotein-bound form of LPC acts as a ligand.
Although it has been reported that overexpression of G2A exhibits constitutive activation (35) , the activation of G2A at pH 7.6, which is the basal pH of DMEM in our assay system, proved to be the proton-dependent activation in the luciferase reporter gene assay (Fig. 1D) . As is the case for OGR1/GPR68 and GPR4, the ostensible constitutive activity of G2A is caused by extracellular protons. Although several receptors exhibit "ligand-independent" activity, these activities can be a result of the stimulatory effects of unidentified ligands in the culture medium, including protons.
Several histidine residues of OGR1 were shown to play pivotal roles in pH sensing, and mutagenesis of H245F of OGR1 showed the most prominent reduction in IP formation at acidic pH (28) . Human G2A contains 10 histidine residues. Among them, His-259 (equivalent to His-245 in OGR1) and His-174 are conserved in all receptors related to G2A (OGR1 and GPR4, Fig. 5A ), and the other eight histidines are not conserved in these receptors. Thus, we examined the effects of mutation of His-259 and His-174 on G2A activation by low pH. H259F mutation caused complete reduction in constitutive and low pH-dependent activation of the zif 268 promoter and IP formation (data not shown). However, because the surface expression of the G2A-H259F mutant was quite low compared with G2A-WT, it is not certain whether the loss of pH-dependent activity of G2A-H259F was because of the reduced response of the mutant protein to protons or because of the reduced level of surface expression of the receptor protein. The G2A-H174F mutant was expressed properly and showed a partial but significant reduction in G2A-dependent signaling (Fig. 5, B and  C) . His-174 is predicted to be located at the extracellular part of the transmembrane helix IV and might play some role in the direct recognition of protons or in the conformational adjustment of G2A.
Thymocytes, splenocytes, and pro-B cells in bone marrow and the macrophages in atherosclerotic plaque are reported to express G2A (8, 9, 11) . The thymus, spleen, and bone marrow are all reticular tissues with small compartments, and it is possible that the local pH tends to be lower upon cell expansion in these compartments. Hyperstimulation of G2A by lower pH could work as a negative regulator against overexpansion of G2A-expressing cells because stimulation of G2A was reported to induce apoptosis (35) . This notion is consistent with the phenotypes of G2A-null mice developing an SLE-like autoimmune disease (10) . The phenotype is quite striking, but the molecular mechanism by which the lack of G2A causes SLElike autoimmune disease remains to be investigated. In the thymus, where immature T cells differentiate through both positive and negative selections (43), G2A might play an important role in inducing tolerance to autoantigens. Alterna- FIG. 5 . Role of histidine 174 in pH-dependent activation of G2A. A, the amino acid sequences were aligned using ClustalW and converted using Boxshade 3.21. The putative transmembrane domains of human G2A predicted by Kyte-Doolittle hydrophobicity analysis are underlined and labeled as I-VII. Consensus matches are boxed and shaded with darker shading for identities and light shading for conservative substitutions. His-174 and His-259 are shown with asterisks. B, inhibitory effect of site-directed mutagenesis (H174F) on zif promoter activation. Mutated G2A receptor (G2A-H174F) exhibited decreased constitutive activity or pH-dependent activation of the zif promoter. Data in this figure are means Ϯ S.E. (n ϭ 3). **, p Ͻ 0.01 (unpaired t test). C, impaired IP formation in the G2A-H174F mutant. G2A-H174F-transfected COS-7 cells showed partially inhibited pH-dependent IP formation or constitutive activity. **, p Ͻ 0.01 (two-way ANOVA). Similar results were obtained in three independent experiments. tively, G2A functions as an inhibitor of hyperproliferation of T cells in the secondary lymphoid organs. Under physiological conditions, blood pH is maintained in a quite narrow range of 7.4 Ϯ 0.05 (44) . However, in certain pathological conditions that cause acidosis, blood pH would be as low as 7.0 (45). Although little is known about the local pH in the sites of infection, inflammation, and infarction, there is a study showing the pH of the inflammatory site is as low as 5.5 (46) . Extracellular protons are believed to activate a non-selective cation channel, VR1 (vanilloid receptor 1), and to cause nociception in inflammatory lesions (47) . A body of work has shown that the change in extracellular pH has a great influence on the immune system (46) . For example, interleukin-2 (IL-2)-dependent proliferation of T cells was attenuated under the acidic environment (48) . This might be mediated by G2A expressed in T cells. The acidic environment could cause autonomous cell death of inflammatory cells through G2A, leading to the termination and resolution of inflammation. It is intriguing to investigate the function of G2A under low pH conditions in vivo.
In conclusion, we found that G2A functions as a protonsensing GPCR like OGR1 and GPR4 and utilizes multiple classes of G-proteins including G13 and G i /G o in signaling. LPC not only functions as an antagonist rather than an agonist of G2A but also transmits some unknown inhibitory signals to actin stress fiber formation through G2A.
